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VFDOHHJGHVFULEHG LQ>@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WKLVW\SHRIVWUXFWXUHVHJSUHVHQWHGLQ>@DQGPHWKRGRORJLHVRIPHDVXUHPHQWVHQDEOLQJWKHLUIXWXUHGLDJQRVWLFVLQ














2.1. Test stand and course of measurements 
'XULQJ WKH WHVWV WKH WUXVV HOHPHQWZDVXQGHU D VWDWLFPXOWLVWDJH ORDG ZLWK D VFKHPHDQDORJLFDO WR IRXUSRLQW
EHQGLQJDIUHHO\VXSSRUWHGEHDP)LJZLWKSKDVHVRI ORDGLQJDQGIXOOXQORDGLQJZKHUHPD[LPXPYDOXHP0$;










HYROXWLRQ RI GDPDJH SKHQRPHQD LQ WKH WHVWHG WUXVV HOHPHQW 7RWDOO\  ORDG F\FOHV ZHUH FRQGXFWHG VKRZQ LQ D







3.1. FEM model 
%HFDXVHRIUHODWLYHO\FRPSOH[JHRPHWU\RIWKHWHVWHGWUXVVLWVPRGHOZDVLQLWLDOO\FUHDWHGLQ$XWRGHVN6LPXODWLRQ
VRIWZDUH )LJDEXWLOL]LQJ WKH ILQLWHHOHPHQWPHWKRG )(07KLVPRGHOZDVHODERUDWHGDVDX[LOLDU\ JLYLQJ LW
LQLWLDOHODVWLFSURSHUWLHVRIXVHGPDWHULDOVLQRUGHUWRGHWHUPLQHYHUWLFDOVWLIIQHVVRIVXSSRUWVLQWKHDFWXDOV\VWHPE\
FRPSDULQJPHDVXUHG LQLWLDO VHFWLRQVRI ORDGGLVSODFHPHQW UHODWLRQZLWKFDOFXODWHGRQHV SRLQW DQG WR LGHQWLI\
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3.2. Analysis of displacement measurements  
$PHDVXUHG UHODWLRQ EHWZHHQ WKH ORDG RI WKH WLPHFRXUVH VKRZQ LQ )LJ  DQG GHIOHFWLRQ RI WKH WUXVV DW WKH
PLGGOHRILWVVSDQLVVKRZQLQ)LJ7KHSUHVHQWHGUHVXOWVRIVWDWLFWHVWVLQFOXGHRQO\WKHVHZKLFKZHUHPHDVXUHG
VWDUWLQJIURPWKH WKLUG ORDGF\FOHEHFDXVHRIFODULW\RIGLDJUDP7HVWUHVXOWV IURPWKHUHPDLQLQJGLVSODFHPHQWDQG
VOLSVHQVRUVVKRZQLQ)LJKDGWKHDQDORJLFDOFKDUDFWHUDQGFRQILUPHGIURPWKHSRLQWRIYLHZRIVDIHW\RIWKLVW\SH
RI VWUXFWXUH WKH DGYDQWDJHRXV XWLOL]DWLRQRI LQHODVWLF UHVHUYH VWUHQJWKRIXVHGPDWHULDOV LQ DSRVWFULWLFDO VWDWH DQG
FRQVLGHUDEOHGXFWLOLW\RIWKHVWXGFRQQHFWRUV7KHUHODWLRQVSUHVHQWHGLQ)LJVKRZDOVRWKDWVWDUWLQJIURPWKHIRXUWK
ORDG F\FOH ZKHQ LPPHGLDWH WUXVV ORDG FDSDFLW\ ZDV XVHG XS WR DSS  D UDSLG GHYHORSPHQW RI GHVWUXFWLYH
SURFHVVHV LQ WKH WHVWHG VWUXFWXUH ZDV REVHUYHG ,Q WKH ILUVW WKUHH ORDG F\FOHV ORDGGLVSODFHPHQW UHODWLRQV KDG
DSSUR[LPDWHO\DOLQHDUFKDUDFWHUZKDWVKRZHGDFWXDOO\WKHHODVWLFZRUNRIWKHWUXVVDWWKHVHVWDJHV:KHQWKH\LHOG
SRLQW RI VWUHVVHV LQ DUHDV RI WKH V\VWHP ZLWK WKH PRVW HIIRUW ZDV DFKLHYHG SODVWLF VWUDLQV RFFXUUHG DQG DOVR
LQWHQVLYHGHYHORSPHQWRIEULWWOHGDPDJHLQWKHFRQFUHWHVODEWRRNSODFHWKHVHUHODWLRQVEHFDPHQRQOLQHDU,WFDQEH
DOVR REVHUYHG WKDW HDFK F\FOH UHVXOWHG LQ LQFUHDVLQJ WKH \LHOG SRLQW DV D UHVXOW RI VWUHQJWKHQLQJ PDWHULDO LQ
SODVWLFL]HG DUHDV LQ WKH SUHYLRXV F\FOH $OVR WKH LQLWLDO WDQJHQW JOREDO WUXVV VWLIIQHVV GHFUHDVHG ZKDW FDQ EH
REVHUYHGIURPGHFUHDVLQJLQFOLQDWLRQVRIORDGGLVSODFHPHQWFXUYHVLQWKHLQLWLDOSKDVHVRIORDGLQJFRPSDUHkkLQ
)LJ$FFRUGLQJWRWKHDXWKRUVWKHDIRUHPHQWLRQHGGHFUHPHQWRILQLWLDOVWLIIQHVVRIFRPSRVLWHWUXVVHOHPHQWZDV
PDLQO\D UHVXOWRIJURZLQJPLFURDQGPDFURFUDFNLQJ LQ WKH VWUXFWXUHRIFRQFUHWH LQ WKH VODE VHHSRLQW/RDG
















LGHDOL]HG HLJHQYLEUDWLRQV DQG IUHH GDPSHG YLEUDWLRQV ,Q RUGHU WR LGHQWLI\ RQO\ SHDNV RI YLEUDWLRQV RI IOH[XUDO
FKDUDFWHURQWKHFKDUWVRIVSHFWUDLHWKHYLEUDWLRQVZKLFKZHUHSRVVLEOHWRGHWHUPLQHE\PHDQVRIWKHXVHGVHQVRUV
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PHDVXULQJ WKH DFFHOHUDWLRQV RQO\ LQ WKH YHUWLFDO GLUHFWLRQ DQ HLJHQYDOXH SUREOHP ZDV VROYHG DQG DQDO\VLV RI
HLJHQYLEUDWLRQPRGHVZDVFRQGXFWHGIRUWKH)(0PRGHOGHVFULEHGLQSRLQW7DELQFOXGHVWKHIUHTXHQFLHVRI
WKHILUVWPRGHVRIIOH[XUDOYLEUDWLRQVDYHUDJHGIURPDOO UHDGRXWVDW WKHSDUWLFXODUVWDJH ,Q WKHODVWPHDVXULQJ
VWDJH WKH\GHFUHDVHG LQ UHODWLRQ WR WKHLU LQLWLDOYDOXHV IURPDSS WR0RUHRYHU LQRUGHU WR LOOXVWUDWHKRZ
LQFRUUHFWDVVXPLQJVWLIIQHVVRIVXSSRUWVFDQLQIOXHQFHDSURSHULGHQWLILFDWLRQRIDPRGHRIIUHHYLEUDWLRQVRIORZHU
IUHTXHQFLHV RQH DOVR LQFOXGHG LQ WDE  WKH IUHTXHQFLHV RI FRUUHVSRQGLQJ PRGHV RI VWUXFWXUH IOH[XUDO YLEUDWLRQV
LGHQWLILHGZLWKWKHXVHRI)(0PRGHODWWKHLQILQLWHDQGDFWXDOILQLWHYHUWLFDOVWLIIQHVVRIWUXVVEHDULQJV
7DEOH9DOXHVRIQDWXUDOIUHTXHQFLHVIRUIOH[XUDOYLEUDWLRQVLQWKHVXEVHTXHQWVWDJHVRIPHDVXUHPHQWV>+]@
0RGHRI )UHTXHQF\ )(0 ([SHULPHQW
IOH[XUDO 9LUJLQVWDWH /RDGFDSDFLW\XWLOL]DWLRQ>P0$;@
YLEUDWLRQV  kY→ kY 01P  >N1@ >N1@ >N1@ 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,Q RUGHU WR UHIOHFW EHWWHU KRZ HYROYLQJ GDPDJH LQ WKH V\VWHP DQG UHODWHG GHFUHPHQWV RI LWV VWLIIQHVV LQIOXHQFH D
GHFUHDVHRIIUHTXHQFLHVRILWVVXEVHTXHQWIOH[XUDOYLEUDWLRQVPRGHVWKHLUYDOXHVGHWHUPLQHGDIWHUWKHSDUWLFXODUORDG
VWDJHVZHUHFRPSDUHG WR WKHVHZKLFKZHUHPHDVXUHG LQ WKHYLUJLQVWDWH)LJ ,WFDQEHREVHUYHG WKDWYDOXHVRI
WKHVHIUHTXHQFLHVLQGLFDWHGDJHQHUDOGHFUHDVLQJWHQGHQF\,QFDVHRIWKHILUVWPRGHVRIIOH[XUDOYLEUDWLRQVEDVLF
SDUW RI IUHTXHQF\ GHFUHPHQWV RFFXUUHG PDLQO\ GXULQJ WKH ILUVW  ORDG F\FOHV ZLWKLQ WKH UDQJH RI ORDG FDSDFLW\
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IL[HG VHW RI VHQGLQJUHFHLYLQJSRLQWV ORFDWHGRQ WKHRSSRVLWH ORQJLWXGLQDO VLGHV RI WKH VODEZHUH XVHG LQRUGHU WR
HYDOXDWH WKH GHYHORSPHQW RI EULWWOH GDPDJH 6XFK RULHQWDWLRQ RI WKLV UDQJH RIPHDVXUHPHQWV E\ WKH DXWKRUVZDV
FDXVHG E\ WKH IDFW WKDW LW DOORZV WR HYDOXDWH WKH VSDWLDO GLVWULEXWLRQ RI YHORFLW\ RI ORQJLWXGLQDO ZDYHV DQG LQ
FRQVHTXHQFHWRORFDWH]RQHVLQDFRQFUHWHHOHPHQWZKLFKZLOOEHVXEMHFWHGWRLQWHQVHPLFURFUDFNLQJSURFHVVHV>@
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PHDVXUHPHQW RI WLPHV RI XOWUDVRQLF ZDYH SURSDJDWLRQ ZLWK IUHTXHQF\ RI  N+] ZDV FRQGXFWHG LQ WKH XSSHU
FRQFUHWH VODE EHWZHHQ IL[HG SRLQWV ZLWK WKH XVH RI XOWUDVRQLF SXOVH YHORFLW\ WHVWHU IRU FRQFUHWH $OO W\SHV RI
PHDVXUHPHQWVZHUHUHSHDWHGWLPHV$QDUUDQJHPHQWRIWKHVHQGLQJUHFHLYLQJPHDVXULQJSRLQWVLVVKRZQLQ)LJ
%DVLQJ RQ WKH PHDVXUHG WLPHV DQ DSSUR[LPDWLRQ E\ SRO\QRPLDO ZDV FRQGXFWHG DQG UHVXOWHG LQ ³DUWLILFLDOO\´
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REWDLQLQJWLPHVFRUUHVSRQGLQJGRDGGLWLRQDOSRLQWVORFDWHGEHWZHHQWKHPHDVXULQJSRLQWVDVVXPHGDVHTXLGLVWDQWLQ
























































GXH WR WKHLU ORDGFDSDFLW\ LQSRVWFULWLFDO VWDWHV DV D UHVXOWRI DQHIIHFWLYHXWLOL]DWLRQRISODVWLFSURSHUWLHVRIXVHG
PDWHULDOV7KHFRQGXFWHGWHVWVDOVRLQGLFDWHGWKDWWKHXOWUDVRQLFWUDQVPLVVLRQWRPRJUDSK\GLUHFWHGWRDPHDVXUHPHQW
RIVRXQGYHORFLW\GLVWULEXWLRQLQD WUXVVFRQFUHWHVODEFDQEHYHU\XVHIXO LQ ORFDWLQJEULWWOHGDPDJHLQ WKLV W\SHRI
PHPEHUVSURYLGHGWKDWVXFKDGLVWULEXWLRQZLOOEHNQRZQIRUWKHLUYLUJLQVWDWHSULRUWRORDGLQJDVDUHIHUHQFHRQH






WHVWV LW FDQ DOVR EH VWDWHG WKDW FRQGXFWLQJ VWDWLF G\QDPLF DQG XOWUDVRQLF WHVWV VLPXOWDQHRXVO\ DOORZV WR PDNH
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